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The sD regulon of Bacillus subtilis is composed of genes encoding proteins for flagellar synthesis, motility,
and chemotaxis. Concurrent analyses of sD protein levels and flagellin mRNA demonstrate that sigD expres-
sion and sD activity are tightly coupled during growth in both complex and minimal media, although they
exhibit different patterns of expression. We therefore used the sD-dependent flagellin gene (hag) as a model
gene to study the effects of different nutritional environments on sD-dependent gene expression. In complex
medium, the level of expression of a hag-lacZ fusion increased exponentially during the exponential growth
phase and peaked early in the transition state. In contrast, the level of expression of this reporter remained
constant and high throughout growth in minimal medium. These results suggest the existence of a nutritional
signal(s) that affects sigD expression and/or sD activity. This signal(s) allows for nutritional repression early
in growth and, based on reconstitution studies, resides in the complex components of sporulation medium, as
well as in a mixture of mono-amino acids. However, the addition of Casamino Acids to minimal medium results
in a dose-dependent decrease in hag-lacZ expression throughout growth and the postexponential growth phase.
In work by others, CodY has been implicated in the nutritional repression of several genes. Analysis of a codY
mutant bearing a hag-lacZ reporter revealed that flagellin expression is released from nutritional repression
in this strain, whereas mutations in the transition state preventor genes abrB, hpr, and sinR failed to elicit a
similar effect during growth in complex medium. Therefore, the CodY protein appears to be the physiologically
relevant regulator of hag nutritional repression in B. subtilis.

The bacterium Bacillus subtilis is best known for its ability to
respond to adverse changes in its environment by developing
into a dormant endospore (23, 39). The bacterial cell is capable
of sensing when the environment is no longer able to support
growth and division. Cells can respond by initiating and un-
dergoing a series of complex changes in gene expression and
cell structure that give rise to the spore. As a flagellated, motile
bacterium, B. subtilis can also respond to nutrient deprivation
by physically moving away from poor conditions and toward
better ones.

This physical movement toward more-favorable conditions
is mediated by the flagellar organelle in response to chemo-
tactic signals. Early experiments by Nishihara and Freese (30)
showed that cells exhibited increased motility (i.e., became
hypermotile) as they approached the end of the exponential
growth phase. These researchers found by microscopic obser-
vation that at the end of the exponential growth phase, when
nutrients are scarce, there is both an increased number of
motile cells and increased movement by the motile cells. More-
over, it is known that optimal transduction of the flagellum-
tropic PBS1 phage of B. subtilis is obtained when phages are
added at the end of exponential growth, when the cells are said
to be hypermotile (4). Taken together, these studies suggest
the occurrence of increased flagellin expression at the end of
the exponential growth phase, perhaps triggered by nutrient
deprivation, high cell density, and/or the initiation of transition
state phenomena (38, 41).

Nutrient deprivation has long been known to be an impor-
tant signal for the initiation of transition state phenomena and
sporulation (34). More recently, researchers have become
aware of the important roles of oligopeptides (and perhaps
dipeptides) in the initiation of these physiological responses.
Specific oligopeptides synthesized as precursors within the
growing cell and then secreted, processed, and imported back
into the cell have been shown to play an important role in
triggering the initiation of sporulation and the development of
competence (18). Since these short peptides are secreted from
the cell into the culture medium, they can serve as signals for
high culture density and have been implicated in a trait com-
mon to many bacteria, referred to as quorum sensing (12, 17).
Furthermore, the expression of a dipeptide transport system
operon (dpp) is induced at the end of the exponential growth
phase as nutrients become limiting (27). This pattern of ex-
pression is governed by the codY gene product, as it mediates
the nutritional repression of the dpp gene during exponential
growth in a complex medium (37). In fact, CodY has been
implicated in the nutritional repression of several genes during
exponential growth in complex medium as well as in minimal
medium supplemented with Casamino Acids (CAA) or a mix-
ture of mono-amino acids (10, 35, 37, 46).

In previous work, we demonstrated that the level of B. sub-
tilis flagellin mRNA increases during exponential growth in a
complex medium (28). In the present study, we were interested
in determining if this increase was due to increased levels of
the flagellum-specific alternative sigma factor, sD, a model
which could also account for the hypermotility observed by
early investigators. Furthermore, we wished to define the pat-
tern of sD expression throughout growth and in different me-
dia and to compare this pattern to that obtained for hag
mRNA. Finally, our goal was to identify environmental sig-
nals—and, thus, the signal transduction system(s)—that regu-
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late flagellar gene expression. We speculate that B. subtilis cells
possess a regulatory mechanism that senses changes in the
culture medium as the cells are growing and increases flagellar
gene expression as a result and response.

MATERIALS AND METHODS

Bacterial strains. The Escherichia coli strains used were TG-2 [D(lac pro) supE
thi hsdD5 recA EcoK2 Mot2 F9 traO36 proAB lacIq lacZDM15] and CSH26 [F2

ara thi D(lac pro) Mot1]. The Bacillus subtilis strains used are listed in Table 1.
All strains were maintained on solid media (Luria-Bertani or tryptose blood agar
base [Difco] plates). Antibiotics, when necessary, were used at standard concen-
trations: ampicillin (Sigma) at 50 mg/ml and chloramphenicol (Sigma) at 5 mg/ml.
Growth media and culture conditions for B. subtilis strains are described in detail
below.

B. subtilis liquid culture media. (i) Complex medium. 2XSG medium (45) was
used as the standard complex medium for the growth of B. subtilis. 2XSG base
is an autoclaved solution containing (per liter) 16 g of nutrient broth (Difco),
0.5 g of MgSO4 z 7H2O, and 2 g of KCl; it was stored in the dark and used within
2 weeks of preparation. For use as a culture medium, the following supplements
were added: 1 mM Ca(NO3)2, 0.1 mM MnSO4, 1 mM FeSO4, 0.1% glucose, and
(when appropriate) 5 mg of chloramphenicol/ml.

(ii) Minimal medium. S7 minimal medium was employed for growth of B.
subtilis LMB7 and LMB24 in a defined synthetic medium (44) containing trace
metals as previously described (4). The base consists of 100 mM morpholinepro-
panesulfonic acid (MOPS) (adjusted to pH 7.0 with KOH), 10 mM (NH4)2SO4,
5 mM potassium phosphate (pH 7.0), 2 mM MgCl2, 0.9 mM CaCl2, 50 mM
MnCl2, 5 mM FeCl3, 10 mM ZnCl2, and 2 mM thiamine-hydrochloride. Sodium
glutamate (20 mM) and D-glucose (2 to 5 mM) were added aseptically to the
autoclaved base (glucose at 5 mM was used in the fermentor run). The medium
was further supplemented with phenylalanine and tryptophan to 0.1 mg/ml each,
and chloramphenicol was added to 5 mg/ml when appropriate.

(iii) Conditioned and concentrated media. Preparation of conditioned me-
dium was accomplished by collecting the bacterial suspension from a growing
culture and filtering it through a 0.2-mm-pore-size filtration apparatus (Milli-
pore). The resulting medium, in addition to being free from cells, did not possess
any b-galactosidase activity, indicating that the hag-lacZ fusion protein was not
secreted. Concentration of conditioned and fresh 2XSG media was accomplished
by rotary evaporation under a vacuum at 60°C, and the concentrates were stored
at 4°C until used.

(iv) Complex, amino acid, and vitamin supplements. Nutrient broth, Bacto
Peptone, Bacto Tryptone, and CAA (all from Difco) were prepared as auto-
claved 8 to 32% solutions and stored in the dark. Amino acids and vitamins
(Sigma, Aldrich, Calbiochem, National Biochemical Corp., or Eastman Organic)
were prepared as filter-sterilized solutions and stored away from light when
appropriate.

Growth of LMB7 for protein and RNA extraction. (i) Complex medium. B.
subtilis LMB7 prepared for protein extraction was grown in 2XSG medium in a
New Brunswick fermentor (model SF-116) at 37°C with an impeller speed of 350
rpm. When the culture reached an A600 of 0.2 (T0), a sample was harvested and
stored on ice; this was repeated every 15 min until T1 and then every hour
through T5. LMB7 for RNA extraction was grown in 500 ml of 2XSG in a 2-liter
Fernbach flask on a rotary shaker in a 37°C warm room. A 100-ml volume of
2XSG was inoculated with a plate colony and incubated for 2 h before being
added to 400 ml of additional medium. When the culture reached an A600 of 0.4
(T0), a cell sample was collected and placed on ice; this was repeated every 15
min through T1 and then every hour through T5.

(ii) Minimal medium. LMB7 prepared for protein and RNA extractions was
grown in 12 liters of S7 medium in the fermentor as described above. A 120-ml
volume of this medium was inoculated with a colony, and the bacteria were
grown to mid-exponential phase in a shaker culture and then added to the
fermentor. When the A600 of the culture reached 0.2 (T0), a cell sample was

obtained and placed on ice; this was repeated approximately every 30 min
through T6.

Quantitative hag mRNA primer extension analysis. Extraction of total RNA
from frozen cell pellets and measurement of levels of hag mRNA by primer
extension were performed essentially as described by Mirel and Chamberlin (28).

Quantitative sD protein immunoblot analysis. Rabbit antiserum to the B.
subtilis sD protein was prepared previously (15). The amount of sD protein
present was determined by Western analysis using iodinated protein A. 125I-
labeled Staphylococcus aureus protein A (70 to 100 mCi/mg) was purchased from
New England Nuclear. Nitrocellulose membranes were obtained from Schleicher
and Schuell. Frozen cell pellets, each representing 10 to 250 ml of cell culture,
were treated as described previously in order to extract and quantitate the total
protein (26). Protein (50 mg) from each lysate was resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis using 12.5% acrylamide gels and then
electrophoretically transferred to a nitrocellulose membrane. The membrane
containing the transferred protein was treated as previously described (26),
except that a 1:100 dilution of sD antiserum and a 1:1,000 dilution of iodinated
protein A were used. To decrease nonspecific binding, the iodinated protein A
was used within 3 weeks of its date of synthesis.

Quantitation of the amount of sD protein in a sample was accomplished by
excision of the reactive protein from the nitrocellulose (after autoradiography)
and subsequent counting of the gamma particles in an LKB 1272 Clinigamma
Counter. The background radioactivity was determined by measuring the radio-
activity in a piece of nitrocellulose located immediately above the reactive pro-
tein on the filter and having the same dimensions as that bearing the sD protein.
The number of counts obtained for the background sample was subtracted from
the number obtained for the reactive protein to obtain net counts.

Construction of hag-lacZ integrational vectors. An in-frame translational fu-
sion containing 180 bp of DNA upstream of the hag transcriptional start site and
encoding a fusion protein comprising the first 71 amino acids of B. subtilis
flagellin fused to the sixth amino acid (Gly) of the E. coli b-galactosidase enzyme
was constructed and confirmed as follows. The 2.38-kb ClaI-PstI fragment of
plasmid pDM67 (28), containing most of the coding region for hag, was replaced
with the 3.1-kb SmaI-PstI fragment of pMC1871 that contains the lacZ coding
region (3). To create an in-frame fusion, it was necessary to fill in the ClaI end
of the digested pDM67 fragment. ClaI leaves a 59 overhang (PstI does not),
allowing for the fill-in reaction by the Klenow fragment of DNA polymerase
(Boehringer Mannheim) and dCTP (Pharmacia) solely at this end. Any resulting
C-tail overhang was removed by the addition of S1 nuclease (Boehringer Mann-
heim). After these manipulations, the 5.1-kb pDM67 fragment containing the
transcriptional and translational start site information for hag in pJM102 (32)
was isolated from the above-described 2.38-kb fragment by gel purification (Gene-
clean kit; BIO 101, Inc.). This 5.1-kb blunt-end PstI fragment was then ligated to
the similarly purified 3.1-kb SmaI-PstI fragment of pMC1871 bearing lacZ.

Sequencing across the junctions of a number of candidate constructs demon-
strated that the intended junction site was not created. Instead, junctions at a
variety of sites further 59 of the ClaI site were found, suggesting that gratuitous
exonucleolytic activity had occurred. The hag-lacZ fusion construct identified
and subsequently used consisted of an in-frame junction of amino acid residue 71
(Ser) of B. subtilis hag with amino acid residue 6 (Gly) of the E. coli lacZ gene
found on pMC1871. The fusion gene was subcloned as a 3.7-kb HindIII fragment
into pJH101 (a pBR322-based integrational vector) (7). The occurrence of the
appropriate junction event was reconfirmed by sequence analysis, and the re-
sultant plasmid was named pDM632. Additionally, a hag-lacZ integrational vec-
tor that confers erythromycin rather than chloramphenicol resistance on the
transformed B. subtilis cell was prepared by replacing the cat gene on pDM632
with an erythromycin resistance cassette, yielding pDM632Ery.

Construction of hpr disruptional vector and null mutant. To create a null
mutation in the hpr gene of B. subtilis, a disruptional vector was first prepared. A
region of DNA internal to the hpr coding sequence was amplified by PCR using
primers OJW HPR 59 (AAAAGAATTCCTTAGCAAGGCTCTTTGG) and
OJW HPR 39 (AAAACTGCAGTTCCGTTTACGCTTTCA). The PCR condi-
tions used were as follows. The PCR buffer was 13 Taq buffer containing 1.5 mM

TABLE 1. B. subtilis strains used in this study

Strain Genotype Source, or derivation and referencea

LMB7 trpC2 pheA1 J. Hoch, JH642b

LMB24 trpC2 pheA1 hag-lacZ (Cmr) Transform [LMB7:pDM632, Cmr]; this study
LMB25 trpC2 pheA1 hag-lacZ (Eryr) Transform [LMB7:pDM632Ery, Eryr]; this study
LMB205 trpC2 pheA1 sinR::cat hag-lacZ (Eryr) Transform [LMB25:IS432 (from I. Smith), Cmr]; this study
LMB206 trpC2 pheA1 abrB::cat hag-lacZ (Eryr) Transform [LMB25:JH12-586 (from J. Hoch), Cmr]; this study
LMB207 trpC2 pheA1 codY146::cat hag-lacZ (Eryr) Transform [LMB25:FJS151 (37), Cmr]; this study
LMB253 trpC2 pheA1 hpr::pJR1 hag-lacZ (Eryr) Transform [LMB25:pJR1, Cmr]; this study
LMB221 trpC2 pheA1 flgM::mini-Tn10 hag-lacZ (Eryr) Transform [LMB25:LMB213 (6), Spr]; this study

a Transformation of [recipient strain:with plasmid DNA (pDM632, pJR1) or chromosomal DNA from strain listed, and selecting for resistance given].
b Previous name of strain.
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MgCl2, 0.2 mM deoxynucleoside triphosphates, 10 mM each primer, 0.2 ng of
LMB7 chromosomal DNA, and 5 U of Taq polymerase. PCR involved 30 cycles
each of 1 min at 94°C, 1 min at 55°C, and 2 min at 72°C, preceded by a denaturing
step of 3 min at 94°C and followed by a prolonged extension step of 10 min at
72°C. The resulting 500-bp fragment was digested with EcoRI and PstI and
cloned into integrational vector pJM102 (32) which had been similarly digested.
The identity of the resultant hpr-disrupting plasmid, pJR1, was confirmed by
restriction map analysis. pJR1 was transformed into B. subtilis LMB25 (4), and
disruption of the hpr gene was verified by monitoring protease production.
Several transformants that produced a large halo on skim-milk plates, indicating
hyperprotease production, were obtained. One of these transformants, desig-
nated LMB253, was used to monitor hag-lacZ expression in the absence of the
Hpr transition state preventor.

Construction of reporter strains. Transformation of pDM632 or pDM632Ery
into B. subtilis LMB7 (4) resulted in reporter strains LMB24 and LMB24,
respectively. The occurrence of the appropriate integration events was confirmed
by Southern blot analysis (25).

Growth of reporter strains for determination of b-galactosidase assay. Batch
cultures of LMB24 were grown with good aeration (high rotation speed and flask
not more than one-fifth filled) in a gyratory water bath shaker at 37°C. Cultures
were started by loop inoculation of two to three isolated colonies from a plate
into prewarmed medium. To inoculate sterile medium with cells from an already
growing culture, two methods were used, as described below. Culture density was
determined with a spectrophotometer at time intervals that were generally less
than the doubling time of the culture. Furthermore, culture samples were diluted
appropriately with the same medium to ensure that readings were within the
linear range of the spectrophotometer. To stop growth before a reading, a
culture sample was first kept on ice for 5 min in an Eppendorf tube. After the
optical density had been determined, the cells were returned to the Eppendorf
tube and kept on ice until assayed for b-galactosidase activity (see below). It was
found that samples could be stored on ice for at least 5 h without any loss of
b-galactosidase enzymatic activity.

For experiments in which cultures were grown in the same medium throughout
the experiment, a sample of one culture was simply introduced directly into the
recipient medium. Inoculum cultures (2 ml), started from single colonies, were
grown at 37°C until turbid (ca. 2 h; A600 $ 1.2), then diluted 1:10 in 5 ml of
prewarmed medium. Late in the exponential growth phase (at an A600 of 0.8), the
culture was diluted to an A600 of 0.1 into 25 ml of prewarmed medium in a 125-ml
flask. Samples were withdrawn from this culture for analysis of hag-lacZ expres-
sion as described below. The regimen outlined allowed the cells to undergo
several doublings during exponential growth to ensure that the cells were fully
adapted to the medium used.

For experiments in which cells were first cultured in one medium and then
switched to another, a method involving removal of the source medium and
resuspension of cells in the recipient medium was employed. Although this
method requires more time and greater manipulation of the cells, it had been
found that the carryover of medium from the source culture, such as from fresh
medium into conditioned medium, can perceptibly alter the recipient medium
conditions. The cells to be inoculated were collected by centrifugation in a
microcentrifuge. The supernatant was aspirated, the recipient medium was
added (in the same volume as the inoculum), and the pelleted cells were resus-
pended and then inoculated into the recipient culture. This entire procedure
could be performed in 4 min or less.

b-Galactosidase assay. Expression of the hag-lacZ reporter construct in
LMB24 cells growing in different media was measured by b-galactosidase assay
as previously described (6).

RESULTS

sD protein and hag mRNA levels in 2XSG complex medium.
We have previously observed that flagellin mRNA levels in a
wild-type strain of B. subtilis increase during exponential
growth in complex sporulation medium (2XSG), peak at or
near the end of the exponential growth phase, and then de-
crease during the postexponential growth period (28). Similar
patterns of expression have been found for all sD-dependent
genes studied in this way (13, 28, 36). We therefore performed
studies to determine the role of sD protein levels in regulating
sD-dependent gene expression.

The amount of sD protein present per cell in a wild-type
strain (LMB7) growing in 2XSG sporulation medium was de-
termined by quantitative immunoblot analysis. The growth of
this culture and sD protein levels are shown as functions of
time in Fig. 1A. sD protein levels increased exponentially dur-
ing exponential growth in the complex medium 2XSG. At the
end of the exponential growth phase (T0, as defined by the time
of the break from the maximal doubling rate), sD protein
levels continued to increase (until T0.5) and then began to
decay. Between T0.5 and T1, sD protein levels decreased
slightly and then continued increasing. After reaching a max-
imum amount per cell, sD protein levels declined slowly; how-
ever, even at T6 there was still a substantial amount of this
sigma factor present (Fig. 1A).

The steady-state levels of B. subtilis flagellin message present
in cells grown in complex medium were measured by quanti-
tative primer extension analysis. These studies extended the
original hag mRNA work presented by Mirel and Chamberlin
(28). Flagellin gene mRNA levels increased exponentially dur-
ing exponential-phase growth of LMB7 in 2XSG (Fig. 1B). At
the end of the exponential growth phase (T0), hag mRNA
levels generally continued to increase for 1 h (until T1) and
then began to decay (Fig. 1B). Between T0 and T1, hag mRNA
levels decreased slightly and then continued to increase, dem-
onstrating a tight coupling between sigD expression and sD

activity during the exponential growth and early postexponen-
tial growth phases. After reaching a maximum amount per cell

FIG. 1. sD protein and hag mRNA levels during growth of wild-type strain LMB7 in a complex medium. For each panel, the left y axis is the absorbance at 600
nm, the right y axis is the expression level in arbitrary units, and the x axis is time expressed in hours. Symbols: open circles, growth; closed triangles, sD protein; closed
squares, hag mRNA. (A) Typical results of quantitative immunoblot analysis of sD protein during growth. Standard error levels ranged from 5 to 9% of the value
indicated. (B) Results of a primer extension analysis using a primer specific to hag mRNA. Data presented are the means of values from two experiments. The break
from exponential growth is indicated in each panel as T0.
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at T1, flagellin message levels decayed to zero by T4, in agree-
ment with data presented previously (28). Thus, sD protein
persists in the cell longer than hag mRNA; this suggests that
the rapid decay of hag mRNA levels after T0 is a result of the
inactivation of the sD protein or its RNA polymerase form.
Preliminary data suggest that this inactivation may be medi-
ated by FlgM, the anti-sigma factor specific for sD (see section
on genetic regulation below).

sD protein and hag mRNA levels in S7 minimal medium. To
determine if sD expression and/or activity is influenced by
different nutrient conditions, sD and hag mRNA levels in cells
growing in the synthetic minimal medium S7 were measured
(44) (Fig. 2). In this medium, sD protein and hag mRNA were
present at sustained, higher levels than those found at time
points measured during exponential growth in complex me-
dium. In S7, the end of the exponential growth phase is ex-
tremely well defined, and the decay of sD protein and hag
mRNA can be observed to occur more rapidly than in complex
medium. Furthermore, as was also seen in complex medium,
sD protein persists in the cell longer than does hag mRNA. In
S7, flagellin gene expression, as measured by primer extension,
apparently is entirely an exponential-phase process.

hag-lacZ expression in complex and minimal media. The
observation that sD-dependent gene expression increases
steadily during exponential growth in complex medium while
remaining high and constant in minimal medium was especially
intriguing and elicited further study. To allow the rapid (and
nearly real-time) assessment of flagellin gene expression dur-
ing growth and in different nutritional media, a hag-lacZ trans-
lational fusion was constructed (see Materials and Methods).
The hag-lacZ-bearing plasmid pDM632 was integrated into the
genome of a wild-type strain (LMB7) to create strain LMB24,
and flagellin gene expression was monitored by b-galactosidase
assay. We found that expression of hag-lacZ in complex and
minimal media replicated the flagellin gene expression pat-
terns obtained by primer extension analysis during and shortly
after the exponential growth phase (Fig. 3A and B). In com-
plex medium, hag-lacZ expression increased exponentially dur-
ing the exponential growth phase, peaked early in the postex-
ponential growth phase, and declined thereafter (Fig. 3A). In

minimal medium, hag-lacZ expression remained high and con-
stant during exponential growth (Fig. 3B).

The data in Fig. 3 demonstrate that the hag-lacZ reporter
accurately reflected the behavior of hag mRNA during the
exponential and early postexponential phases of growth.
Thereafter, the expression level of the hag-lacZ reporter re-
mained high in the postexponential growth phase (Fig. 3B)
while hag mRNA levels rapidly decayed after T1 (Fig. 2B). This
observation suggests that the hag-lacZ fusion protein is turned
over much more slowly than hag mRNA in the postexponential
growth phase. Since this study focused on the regulation of
expression during the exponential and early postexponential
growth phases, we can confidently employ the hag-lacZ con-
struct as an accurate reporter of sD-dependent gene expres-
sion during these two growth phases.

Evidence for nutritional control of hag-lacZ expression.
Flagellin gene expression per cell increases with time during
exponential growth in the complex medium 2XSG, while in S7
minimal medium it remains constant. Furthermore, it appears
that the expression level observed in minimal medium corre-
sponds to the maximum level of expression seen in cells grow-
ing in 2XSG at and around T0 (compare Fig. 3A and B).
Several hypotheses can be advanced to explain the different
patterns of hag-lacZ expression in complex and minimal media.
We proposed that 2XSG medium was being altered during
growth and that this change was responsible for the pattern of
hag-lacZ expression in this medium. The change in 2XSG
could be due to production by the cells of an activating signal
for hag expression that accumulates with time or to the deple-
tion, during growth, of a repressing signal (perhaps a nutrient)
that is present in complex medium and is entirely absent from
minimal medium.

To test for the presence of an activator of expression that
accumulates with time or culture density, we grew LMB24 in
2XSG to which conditioned medium was added (see Materials
and Methods). The pattern of hag-lacZ expression was indis-
tinguishable from that seen in 2XSG alone (data not shown);
this observation provided evidence against the presence of an
activating environmental signal.

Several experiments did support a model in which a compo-

FIG. 2. sD protein and hag mRNA levels during growth of wild-type strain LMB7 in synthetic minimal medium S7. For each panel, the left y axis is the absorbance
at 600 nm, the right y axis is the expression level in arbitrary units, and the x axis is time expressed in hours. Symbols: open circles, growth; closed triangles, sD protein;
closed squares, hag mRNA. (A) Typical results of quantitative immunoblot analysis of sD protein during growth. Standard error levels ranged from 0.8 to 1% of the
value indicated. (B) Results of a primer extension analysis using a primer specific to hag mRNA. Data presented are the means of values from two experiments.

3058 MIREL ET AL. J. BACTERIOL.



nent present in the complex medium causes repression. The
addition of twofold-concentrated 2XSG to twofold-concen-
trated S7 minimal medium at a 1:1 ratio supported both a
growth rate similar to and the exponential increase in hag-lacZ
specific activity observed for growth in 2XSG alone (Fig. 3C).
This was also true when nutrient broth alone was added to S7
at its concentration in 2XSG (data not shown). When S7 was
supplemented with the remaining components found in 2XSG
(not including nutrient broth), the LMB24 hag-lacZ expression
patterns obtained were equivalent to those seen for S7 alone
(data not shown). These experiments demonstrate that one can
identify a repressing signal on the basis of its ability, when
added to S7 minimal medium, to promote the hag-lacZ pattern
of expression found in cells growing in complex medium. We
term this pattern of low-level expression early in growth, fol-
lowed by an exponential increase in expression as the cells
approach T0, nutritional repression release.

CAA and mono-amino acids control hag-lacZ expression.
The experiments described above suggested that we might be
able to identify a repressing signal if hag-lacZ expression in
LMB24, when added to S7, displayed the exponential increase
seen in 2XSG. The repressing signal might be lifted by its
depletion during growth and then allow hag-lacZ expression to
increase exponentially as growth proceeded toward T0.

It seemed plausible that one or more amino acids were
acting as a repressing signal, and therefore hag-lacZ expression
was monitored in cells growing in medium consisting of S7 and
various concentrations of CAA. To determine if changes in
CAA concentration (e.g., its depletion caused by consumption
during growth) were influencing hag-lacZ expression, condi-
tions under which CAA was nearly limiting for growth but
glucose was still utilized as the energy source were found. This
goal was achieved by using S7 minimal medium containing 2
mM glucose; growth stopped at an A600 of around 0.85 when
glucose was depleted. hag-lacZ expression was repressed
throughout growth in a concentration-dependent manner, with
the maximal effect occurring at 0.32% (Fig. 4A). Under these
conditions, the level of hag-lacZ expression did not display the
nutritional repression release pattern found for cells growing
in 2XSG. Thus, the values given in Fig. 4A are for the constant
b-galactosidase specific activity measured for all samples ob-
tained during growth.
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FIG. 4. hag-lacZ levels during growth of reporter strain LMB24 in supple-
mented minimal media. For each panel, the y axis is b-galactosidase activity
expressed in Miller units. The x axis is percent CAA in panel A and absorbance
at 600 nm in panel B. (A) b-Galactosidase specific activity during growth in S7
minimal medium supplemented with increasing concentrations of CAA; (B)
hag-lacZ expression in S7 (open squares), S7 plus 1.6% nutrient broth (closed
triangles), S7 plus 0.32% CAA (closed squares), and S7 plus 0.32% amino acids
(closed circles). The results of a typical experiment for S7, S7 plus 1.6% nutrient
broth, and S7 plus 0.32% CAA are given, and for S7 plus 0.32% amino acids the
data presented are the means and standard errors of values from two experi-
ments.
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CAA is a complete hydrolysate of casein composed of
mono-amino acids, although di- and oligopeptides may also
exist in the mixture. While mono-amino acids play a role in
governing the chemotaxis response in B. subtilis (31), di- and
oligopeptides have been implicated in the control of gene
expression (18–20, 33, 37). We therefore supplemented S7 with
purified mono-amino acids in the same ratios as were listed in
the specification sheet for CAA from Difco. S7 media contain-
ing amino acid mixtures equivalent to those found in 0.32 and
0.64% CAA were analyzed for their effect on hag-lacZ expres-
sion. The results for medium with amino acids equivalent to
0.32% CAA are presented (Fig. 4B); identical results were
obtained for medium with amino acids equivalent to 0.64%
CAA, demonstrating that the maximal response occurs at the
lower amino acid concentration. Surprisingly, the purified
amino acids were able to reconstitute the nutritional repres-
sion release pattern for hag-lacZ expression found in complex
medium and did not result in the uniform expression found in
S7 plus CAA (Fig. 4B).

Genetic regulation. Having determined that hag-lacZ is sub-
ject to nutritional repression in complex medium or medium
supplemented with a mixture of amino acids early in growth,
we sought to identify the physiologically relevant regulator
molecule. The codY gene product has been implicated in the
nutritional repression of several genes during exponential
growth in complex medium as well as in minimal medium
supplemented with CAA or a mixture of mono-amino acids
(10, 35, 37, 46). Therefore, hag-lacZ expression was monitored
in strain LMB207, which bears a null mutation in codY. The
level of flagellin expression in this strain is high and constant
throughout growth (Fig. 5A), with the pattern of expression
being similar to that found for cells growing in minimal me-
dium (Fig. 3B).

We also measured expression in strains bearing null muta-
tions in the transition state preventor genes abrB, hpr, and
sinR, since their gene products have been implicated in the
repression of postexponential-phase functions during growth
(40, 41). In all cases, the level of hag-lacZ expression was lower
early in growth and increased throughout growth as cells ap-
proached T0, indicative of nutritional repression release. It
appears that although the transition state preventor gene prod-
ucts are involved in maximal expression of the flagellin gene at
the end of the logarithmic growth phase, they are not required

for nutritional repression early in growth. While the abrB and
hpr products may play a modest role in allowing maximal
flagellin gene expression at the end of the exponential growth
phase, the sinR gene product is apparently required in all
growth phases. Flagellin expression in the sinR mutant is de-
creased to about 20% of the wild-type level, in agreement with
data obtained by others for a single time point at the end of
growth (11).

Finally, flagellin expression was determined in a strain lack-
ing the FlgM anti-sigma factor, a known inhibitor of sD activity
(2, 29). Whereas the patterns of flagellin expression in the wild
type and the flgM-null mutant were nearly identical, levels were
slightly elevated throughout growth, in agreement with previ-
ous results (29). More significantly, these levels persisted
longer in the cell during the postexponential phase. These
preliminary data suggest that FlgM may be involved in the
postexponential-phase inhibition of sD activity found in com-
plex and minimal media (Fig. 1 and 2).

DISCUSSION

In this paper we have outlined an experimental approach to
gaining a better understanding of how B. subtilis sD-dependent
gene expression is influenced by the cells’ environment. We
have used the flagellin gene (hag) as a model sD-dependent
gene. Singer first described the general phenomenon of in-
creased expression of four sD-dependent genes during growth
in a complex medium (36). Subsequent studies of other sD-
dependent genes (13, 28) demonstrated a similar pattern of
increased expression during growth in a complex medium.
These results suggest that the members of the sigD regulon are
regulated by a common mechanism. We therefore sought to
determine if sD activity was directly related to sigD expression
by concurrently analyzing sD protein levels and hag mRNA in
complex and minimal media.

Our results demonstrate that sD protein and hag mRNA
exhibit virtually identical patterns of expression during both
the exponential and the early postexponential growth phases in
complex and minimal media (Fig. 1 and 2). These observations
support the notions that sD activity is directly related to sigD
expression during these growth phases and that sD protein
drives hag mRNA expression. In the postexponential phase, sD

protein levels persist longer than hag mRNA, leading to the

FIG. 5. hag-lacZ expression in strains bearing null mutations in codY, the genes encoding the transition state preventors, and flgM during growth in complex medium.
For each panel, the y axis is b-galactosidase activity expressed in Miller units. The x axis is absorbance at 600 nm in panel A and time relative to the break from
exponential growth (T0) in panel B. (A) b-Galactosidase specific activity in strains bearing null mutations as follows: in codY, LMB207 (open squares); in abrB, LMB206
(closed circles); in hpr, LMB253 (closed triangles); and in sinR, LMB205 (closed squares). (B) hag-lacZ expression in wild-type strain LMB24 (closed circles) and in
flgM-null mutant LMB221 (open squares). The results presented for each strain are the averages of values from two experiments.
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prediction that sD activity is inhibited during this growth phase
(see below).

In the experiments involving S7-glucose minimal medium,
flagellin gene expression paralleled growth. In other words, hag
gene transcription is entirely an exponential-phase phenome-
non. Transcription occurs while glucose is present and being
utilized, and it ceases when this substance is exhausted. This
suggests that either the presence or the utilization of the pri-
mary energy or carbon source for growth is somehow a re-
quirement for sD-dependent gene expression. The expression
of hag in the presence of glucose also implies that flagellin
synthesis in B. subtilis is not subject to glucose catabolite re-
pression as it is in E. coli (24).

When one compares sD-dependent hag expression in a com-
plex medium to that in a minimal medium (Fig. 1B and 2B), a
significant difference in the patterns of expression is apparent.
Whereas the level of hag expression is low early in growth and
then increases exponentially during exponential growth in a
complex medium, it remains high and constant in a minimal
medium. These patterns of gene expression are accurately rep-
licated during the growth and early postexponential phases by
using a hag-lacZ fusion reporter construct (Fig. 3A and B).
Therefore, the reporter construct was determined to be an
appropriate tool for rapidly monitoring hag expression during
these growth phases. We have termed the pattern of hag-lacZ
expression found in complex medium (Fig. 3A) nutritional
repression release since hag-lacZ activity is low early in growth
and increases exponentially once the nutritional repression is
relieved. This pattern is missing in strains grown in minimal
medium (Fig. 3B) but can be reconstituted by adding a mixture
of amino acids to S7 (Fig. 4B). In contrast, the addition of a
CAA mixture to S7 prevents this release at any time during the
exponential growth phase (Fig. 4).

We speculate that early in growth a substance in complex
medium mediates a repression of hag-lacZ that is released as
the culture proceeds toward T0. The substance, which we have
termed a nutritional repressing signal, appears to be either a
single or a mixture of amino acids. Work exploring the possi-
bility that this signal is monitored or mediated through the
same mechanism as that involved in chemotaxis is in progress.
Interestingly, chemotaxis in B. subtilis is regulated by the in-
teraction of all 20 amino acids with membrane-bound proteins,
the methyl-accepting chemotaxis proteins (31). These proteins
are responsible for monitoring the external environment and
influencing chemotaxis. They serve as amino acid receptors
that interact with a signal transduction cascade, leading to the
activation of a two-component regulatory system that governs
the rotation of the flagellar motor and thereby chemotaxis
(31). Our results suggest that there may be a common mech-
anism for monitoring the environment and controlling both the
physiological response of chemotaxis and expression of sD-
dependent genes required for motility during the exponential
growth phase.

Once the nutritional repressing signal is detected across the
cellular membrane, it must be transduced to the transcriptional
machinery; therefore, we sought to identify the intracellular
regulator for nutritional repression of hag gene expression.
The codY gene product has been implicated in the nutritional
repression of several genes involved in nitrogen metabolism,
including the hut, dpp, bkd, and ure operons (5, 8, 10, 37, 46),
as well as in the expression of comK and srfA, which are
required for competence development (9, 35). In a strain lack-
ing the CodY regulator, hag-lacZ expression appears to be
derepressed (Fig. 5A), suggesting that this protein is the phys-
iologically relevant regulator of nutritional repression of the
hag gene in B. subtilis. We are investigating the molecular

mechanism by which CodY appears to exert its effect on flagel-
lin expression. Our preliminary results suggest that purified
CodY protein binds to both the hag and fla/che promoter
regions (F. Vergara, J. Iwamasa, J. C. Patarroyo, S. Santa
Anna-Arriola, and L. M. Márquez-Magaña, submitted for pub-
lication). Binding at the hag promoter appears to be a direct
effect of CodY activity on hag gene expression. However, bind-
ing to the fla/che promoter fragment is likely an indirect effect
since expression of the sigD gene, which encodes sD, is depen-
dent on the fla/che dual promoters (6).

Although CodY appears to be responsible for nutritional
repression of hag gene expression early in growth, the rapid
decrease in hag mRNA relative to sD protein in postexponen-
tial growth in both complex and minimal media is probably
regulated by other means and by different factors (Fig. 1 and
2). During the E. coli heat shock response, induction of ex-
pression of heat shock genes is dependent on the concentration
of the heat shock sigma factor, s32 (14, 43), just as sD-depen-
dent gene expression appears to be dependent on sD protein
levels (Fig. 1 and 2). The activity of s32, however, is inhibited
posttranscriptionally by the action of heat shock proteins en-
coded by s32-dependent genes (21, 42). Inhibition of sD activ-
ity in the postexponential growth phase may occur similarly via
the product of a sD-dependent gene, flgM, a known negative
regulator of this sigma factor (29).

Recent biochemical studies of FlgM function have demon-
strated that it binds specifically to sD protein, thereby inhibit-
ing its activity (1). Although primarily transcribed from a sD-
dependent promoter, the gene for the FlgM anti-sigma factor
is also expressed as a result of read-through from the sA-
dependent promoter for comF (22). It has been postulated that
production of FlgM via a non-sD-dependent pathway is part of
a molecular switch responsible for the increased development
of competence and the decreased motility found in cells grow-
ing postexponentially (22). In this study, the decreased level of
hag mRNA production relative to sD protein found during this
phase is consistent with the non-sD-dependent expression of
FlgM, as demonstrated in Fig. 5B. hag-lacZ expression in a
flgM-null mutant is of a higher level and persists longer in the
postexponential growth phase than in the wild-type strain (Fig.
5B). However, the increased stability of the hag-lacZ fusion
protein at this time makes interpretation of these data prob-
lematic. We plan to perform primer extension analyses of hag
mRNA in the flgM mutant in order to more accurately assess
the importance of FlgM in the postexponential-phase inhibi-
tion of sD activity. It is also possible that the postexponential-
phase decrease in sD activity is due to increased competition
for the holoenzyme by consecutive sporulation s factors (16);
validation of this hypothesis will require more-complex genetic
and biochemical studies.
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